Objective: The presence of nerve fibers in human endometrium remains unsettled but recent immunocytochemical studies have shown that there was increased innervation in the endometrium from women with endometriosis and some nerve fibers in the normally cycling human endometrium. In the current study, we used uterine tissue cryosections from normal cycling women, which previously provided better immunocytochemical staining for lymphatic vessels than in paraffin sections. Materials and Methods: A total of 16 cases from normally cycling women were included representing menstrual, early proliferative, early to late secretary phase. Neurofilament and CD 56 were used as immunocytochemical markers for nerve fibers with cryosections. Results: There were consistent presence of nerve fibers in myometrium and basalis. Few small nerve fibers were identified in early proliferative endometrium and more nerve fibers were present in lower-half functionalis from mid-secretary phase. Late-secretary functionalis showed less nerve fibers in the upper-half than the lower-half functionalis, implying growing nerve fibers from lower functionalis to upper functionalis in late-secretary phase. Conclusion: Nerve fibers appeared to cyclically grow from basalis to lower functionalis and then from lower functionalis to upper functionalis concomitantly with blood vessels in normally cycling human endometrium. These cycling endometrial nerve fibers consisted mostly of nonmyelinated small nerve fibers, which may transmit pelvic pain in the normally cycling women.
Introduction
The presence of nerve fibers in human endometrium is controversial and still remains unsettled [1] [2] . Using fluorescent method for biogenic amines, penetrating nerve fibers in endometrium was identified [1] and a few nerves were present at the endometrium-myometrial interface [2] . Recently, the presence of nerve fibers was implicated on a pain source of endometriosis, in which small nerve fibers were identified throughout basalis and functionalis from women with endometriosis whereas nerve fibers were not observed in functionalis in any women without endometriosis by immunocytochemical staining using protein gene product 9.5 (PGP 9.5) and neurofilament (NF) [3] - [5] . One study with laparotomy-obtained endometrium reported 40% of women without endometriosis having small numbers by PGP 9.5 immunostaining, which were not positive for NF. Endometrium from women with endometriosis revealed 14 times more small nerve fibers than endometriosis-free women [6] . Thus, the later data suggested the presence of small nerve fibers in the cycling normal endometrium [6] [7] . Using PGP 9.5, another study reported the presence of small nerve fibers in functionalis, basalis and myometrium, which were higher in women hormonally untreated than those hormonally treated women with endometriosis [7] . Thus, more reports support the presence of nerve fibers in normal functionalis in addition to basalis and myometrium [6] [7] . All the previous immunocytochemical studies had been performed with routinely formalin-fixed and paraffin-embedded tissues [2] - [6] , which may not detect all nerve fibers whereas frozen section immunocytochemistry revealed consistent presence of lymphatic vessels [8] and venous vessels [9] in endometrium from normally cycling women. The current study aimed to detect the presence of nerve fibers in normally cycling endometrium of different menstrual cycle using NF and CD 56 immunostaining in basalis, functionalis and myometrium. NF is a highly specific immunocythechemical marker for myelinated nerve fibers, which immunostains Aσ, Aβ, Aδ and B fibers and Aδ fibers are small myelinated fibers and transmit sharp, pricking localized pain to CNS [3] [10]. C-fibers are small unmyelinated fibers and transmit dull, aching, burning poorly located pain [3] . CD 56 expression is compatible to N-CAM and is expressed in thin nerve fibers, fine varicose and sensory nerve endings, cell membrane of ganglion cells and young striated muscle cells but thick nerve fibers, perikarya of ganglion cells and adult striated muscle fibers were reportedly CD 56 negative [11] .
Materials and Methods
Uterine tissue was collected from 16 adult women (age range from 37 to 45 years) undergoing elective hysterectomy. Written informed consent was provided by all subjects and ethical approval for tissue collection granted by the Lothian Research Ethics Committee as described before [12] . All women reported regular menstrual cycles (25 -35 days) and had not received exogenous hormones or used an intrauterine device in the 3 months prior to inclusion in this study. After the uterus had been removed, a wedge of tissue from the inner endometrial surface to the myometrium including the full-thickness of endometrium and contiguous myometrium was taken as described before at an average size of 1 × 1 × 0.4 cm [8] [9] [12] . Fresh wedge tissues were microwave-irradiated for 7 sec in a microwave oven, embedded in OCT, frozen in liquid propane in the liquid nitrogen bath and cryosectioned at 5 -7 µm [12] . Cryosections were mounted on Super Frost Plus slides (Fisher Scientific, Pittsburgh, PA), microwave-irradiated again on ice for 3 sec, fixed in 2% of paraformaldehyde in phosphate buffer at pH 7.4 for 10 to 15 min at room temperature, and immersed twice for 2 min each time in 85% ethanol [8] [9] [12] . Sections were incubated with blocking serum for 20 min and then with monoclonal anti-human NF (clone 2F11) or monoclonal CD 56 (Dako, Carpinteria, CA) at 1:100 dilution overnight at 4˚C. After rinsing and immersion in blocking serum again, sections were incubated with second antibody (1:200 dilution) for 30 min at room temperature. Final visualization was achieved with the alkaline phosphatase Vector blue kit (SK 5300, Vector Laboratories, Burlingame, CA) for blue coloring. Tissue sections were then lightly counterstained with hematoxylin to facilitate identification of cellular components. Since nerve fibers were mostly linear, morphologic analysis was performed for each case for measuring the length of nerve fibers in five randomly selected 10 × 10 = × 100 magnified fields in µm using a liner 1 cm scale with 10 µm intervals mounted in the 10× eye piece as described before [13] for functionalis, basalis and the contiguous myometrium, respectively [13] . The functionalis was divided approximately into upper one-half, a superficial layer, the compacta consisting of densely packed stromal cells around the straight necks of glands, and into a lower one-half layer as the spongiosa, a thick spongy layer containing the tortuous bodies of the glands [14] . The functionalis was studied for the lower functionalis from early-proliferating phase, and for both upper and lower functionalis from early-proliferating to late-secretary phase. The total length of nerve fibers was cumulatively calculated, and the mean, SE and P values with the total numbers of the nerve fibers were calculated for early-proliferative, early-secretary, late-secretary phase and menstrual period ( Table 1) .
Results
Generally immunostained nerve fibers were about the same in numbers and sizes by both NF and CD 56 immunostaining and were diffusely and horizontally distributed in the myometrium in all phases (Figures 1-3) . There were many scattered small nerve fibers in the basalis, located mostly horizontally in the residual thin basalis, adjacent to basalis glands in Day 3 of endometrium by both NF and CD 56 immunostaining, and each nerve fiber measured 30 -46 µm, slightly shorter than those in myometrium ( Figure 1 , Table 1 ). The smaller nerve fibers in basalis were darker stained by CD 56 than NF immunostaining (Figure 1) . The surface of the basalis endometrial gland was also immunostained for CD 56, suggestive of a regenerative process in an early functionalis on the top of basalis, containing a few nerve fibers (Figure 1 ). There were numerous, small and round CD 56 positive macrophages in the basalis stroma of Day 3 of endometrium (Figure 1) . The total numbers and sizes of nerve fibers were about the same in basalis and myometrium ( Table 1) . Day 5 -8 endometrium consisted of mainly the basalis with scattered smaller nerve fibers than those in myometrium by less total length and less mean sizes of the nerve fibers ( Figure 2 , Table 1 ). The surface of the thin functionalis gland was positive for CD 56 (Figure 2 ). Day 14 -22 endometrium showed the distinct presence of functionalis, mostly consisting of lower functionalis and thinner upper functionalis, the latter was negative for CD 56 immunostaining (Figure 2) . Basalis showed some small nerve fibers, less than those in myometrium (Figure 2) . The lower functionalis contained five times and six times more nerve fibers with about twice the length than those in the upper-functionalis by NF and CD 56 immunostaining, respectively, and were located mostly longitudinal to the uterine cavity ( Figure 2 , Table 1 ). Day 25 -26 of endometrium showed ever increasing length of functionalis, consisting of about one half each of the upper-and lower-functionalis, respectively (Figure 3) . The lower one-half functionalis contained many scattered, longitudinal nerve fibers, consisting of much more scattered nerve fibers at about twice by NF and more than three times by CD 56 immunostaining of those in the upper functionalis ( Table 1) . The less numerous nerve fibers in upper functionalis were about 60% those in the lower functionalis and about 40% those of the basalis, mostly located adjacent to the functionalis glands (Figure 3 , Table 1 ). All functionalis glands were negative for CD 56 immunostaining (Figure 3) . Myometrium was completely negative for NF and CD 56 immunostaining (Figures 1-3) . Nerve fibers were mostly non-myelinated nerve fibers mixed with occasional myelinated nerve fibers, as both the peroxidase and alkaline phosphatase method consistently immunosatained myelinated nerve fibers but non-myelinated nerve fibers were positively immunostained by only alkaline phosphatase method using NF as a marker (Figure 4 ).
Discussion
The presence of nerve fibers in human endometrium has been previously focused on the pathogenesis of endometriosis-associated pelvic pain [3] - [6] , however, the relationship between pelvic pain and endometriosis re- mains unclear [4] . Pelvic pain is the most common and specific symptom for endometriosis, which occurs about 10% of women and endometriosis is a major cause of chronic pelvic pain [3] - [6] . Endometriosis-associated pain may be caused by peritoneal inflammation, adhesion and specific innervation of endometriotic lesions and is correlated with the presence of deep infiltrating disease [15] [16] . However, there is no clear correlation between pelvic pain and degree of endometriosis [17] . Endometriosis is an estrogen-dependent disease, and current medical treatments suppress estrogen synthesis and medications such as Damazol, GnRH analogue, combined oral contraceptives and progesterone have been used to treat endometriosis-associated pelvic pain [18] . The classic visceral pain felt deep within abdominal or pelvic cavities is characteristically diffused or dull and poorly localized, and the cause of this pain is not clear [16] . Several investigators reported the presence of nerve fibers in endometriotic lesions [3] - [6] [16]- [20] . The presence of nerve fibers in eutopic human endometrium has been controversial: Nerve fibers have been detected in endometrium from women with endometriosis using PGP 9.5 and NF as markers, suggesting a role of endometrial nerve fibers for pathophysiology of endometriosis-associated pelvic pain [3] - [6] [14] . Tamburro et al. reported nerve fibers expressing transforming growth factor β1 [TGF-β1] in endometriotic lesion from women with dysmenorrhea associated with endometriosis [16] . Tulandi et al. reported NF-immunopositive nerve fibers in endometriotic lesions, in which the distance between endometrial glands and nerve fibers was closer in women with pain than women with no pain [20] . Regarding to the eutopic endometrial nerves, one study reported 40% of women without endometriosis having small numbers of PGP 9.5 positive nerve fibers [6] and another study reported the density of small nerve fibers being 14 times higher in women with endometriosis compared with control endometriosis-free women using laparotomy-obtained endometrial tissues [7] . Thus, the eutopic endometrium from women with endometriosis is biologically different from women with a normal pelvis [19] - [22] . The presence of nerve fibers in the eutopic endometrium is used for diagnosing pelvic pain-associated endometriosis by some authors [19] - [22] . In deep infiltrating endometriosis which endometriotic lesions penetrate into the retroperitoneal space of the wall of pelvic organs for a distance of 5 mm or more, four times more nerve fibers were detected than in peritoneal endometriosis [20] .
The association between pelvic pain and deep endometriosis is much stronger than in other types of endometriosis [19] [20] . The eutopic endometrium from women with endometriosis is innervated by sensory C, a mixture of sensory C and sensory δ, and adrenergic fibers in basalis whereas myometrium is innervated by a mixture of sensory Aδ, sensory C, adrenergic and cholinergic fibers [20] . All previously reported studies had been performed with the routinely formalin-fixed and paraffin-embedded tissues [3] - [7] . We aimed to study to identify nerve fibers with cryosections, which were used previously for detecting lymphatic vessels and venous vessels obtaining better results than using the routinely formalin-fixed paraffin-embedded tissue sections [8] . Using routinely formalin-fixed and paraffin-embedded tissues, Boker et al. reported 90% of uteri with endometriosis showing more nerve fibers, which were not homogeneously distributed and the degree of immunostaining was the best with rabbit PGP 9.5, followed by rabbit NPY, monoclonal CGRP, rabbit SP and rabbit VIP but no immunostaining by monoclonal NF using alkaline phosphatase for detecting method [6] , as we used in this study. Our immunostaining with cryosections produced more homogenous and diffusely distributed nerve fibers in functionalis, basalis and myometrium (Figures 1-3) , which proved to be a better and superior staining than the routinely paraffin-embedded tissues for nerve fibers, lymphatic vessels and venous vessels [8] [9] . Both Boker et al. and Tokushige et al. used neural markers for sensory C, Aδ, adrenergic and cholinergic nerve fibers in the functionalis with several nerve markers including PGP 9.5, NF, substance P, vasointestinal polypeptide, neuropeptide Y and calcitonin gene-related peptide [6] [22] [23] . The majority of endometrial nerve fibers were non-myelinated small nerves fibers, some of which may correspond to small sensory nerve fibers for transmitting pain (Figure 4) . Tokushige et al. studied the distribution of nerve fibers in functionalis, basalis and myometrium with the routinely paraffin-embedded full-thickness uterine blocks using rabbit PGP 9.5, monoclonal NF, rabbit SP, rabbit VIP and rabbit NPY: In the uterine tissues from hormonally treated women with endometriosis, nerve fibers density was 0.2 ± 0.7 mm 2 for functionalis, 0.9 ± 1.3 mm 2 for basalis and 1.5 ± 0.8 mm 2 for myometrium, respectively, which were much less than the hormonally untreated uterine tissues from endometriosis women: 11 ± 5 mm 2 for functionalis, 18 ± 8 mm 2 for basalis and 3 ± 1 mm 2 for myometrium [7] . These data showed markedly reduced nerve fibers in hormonally treated uterine tissues compared with the hormonally untreated uterine tissues, particularly a marked reduction of nerve fibers by the hormone treatment to 0.2 ± 0.7 mm 2 from 11 ± 5 mm 2 in the functionalis [7] . Their nerve fiber density in functionalis, basalis and myometrium from hormonally treated uterine tissues presented large variation with large SE values but roughly paralleled with the total nerve fiber length in normal endometrium from women without endometriosis presented in this current study, showing most nerve fibers in myometrium followed by in basalis and in functionalis of the late-secretary phase ( Table 1) . As mentioned above, many investigators had used rabbit PGP 9.5 for immunostaining nerve fibers with the routinely paraffin-embedded tissues, which also immunosatained nerve fibers and neuroendocrine tumors [24] but this polyclonal antibody did not immunostain nerve fibers with cryosections at our hand, thus we used the alternative markers, including NF and CD 56 in this study. As shown in this study, the majority of small nerve fibers were unmyelinated nerves with a few scattered myelinated nerves observed in endometrium (Figure 4) . Myelinated nerves were readily localized by NF immunostaining using both peroxidase and alkaline phosphatase detecting method but unmyelinated nerve fibers were consistently immunostained only by alkaline phosphatase detecting method (Figure 4) . With cryosections, our results showed the consistent presence of horizontal nerve fibers in myometrium and basalis, which appeared to be non-cycling nerve fibers ( Table 1 ). In functionalis, there were few nerve fibers in the very thin functionalis from Day 5 -8 proliferative phase (Figure 1(C) and Figure 1(D) ), but in 14 -22 Day of endometrium, there were about one-half of longitudinally growing nerve fibers in the upper one-half functionalis than those in the lower one-half functionalis ( Table 1) . In late-secretary phase, Day 25 to 26 of endometrium, there were more longitudinal small nerve fibers in the upper one-half functionalis, which were still less than those of lower one-half functionalis, the latter appeared to be growing from basalis. Comparing the nerve fibers between in functionalis and in myometrium, myometrium consistently contained three times more horizontal nerve fibers than in the lower one-half of functionalis ( Table 1) . As seen in this study, innervation in the endometrium is significantly less than in the myometrium, and nerve fibers in the endometrium are mainly associated with blood vessels located at the myometrium-endometrial border [7] . Neural modulation in the uterus is related to sex steroid concentrations, and a reduction in nerve fibers is observed when estrogen levels are high during ovulatory cycle and is restored during menstruation in a rat study [25] . Uterine innervation is mainly associated with blood vessels, but many nerve fibers lie free within myometrium and in endometrial stroma [26] as seen in this study as well (Figures 1-3) . The parent intramyometrial nerve fibers are unaffected during menstrual cycle [26] [27] . Small nerve fibers in the uterus are not only autonomic nerves but also sensory nerves, and the latter travels through the vascular zone to innervate smooth muscle and endometrium, and transmit pelvic pain [28] . Among the total nerve population visualized by PGP 9.5 immunostaining, only the sympathetic nerves account for the actual decrease of nerve fibers not affecting sensory nerves during the ovulatory phase in a rat study [28] . What can we explain this different nerve fiber distribution between in endometrium and in myometrium? Nerve fibers in myometrium are non-cycling nerve fibers by consistent same numbers and lengths throughout menstrual cycle as shown in Table 1 whereas nerve fibers in functionalis are cycling, which fluctuate according to the menstrual cycle: Nerve fibers were absent in early proliferative phase and increased from early to late secretary phase in the concomitantly growing functionalis ( Table 1) . Since blood vessels and nerve fibers develop in coordinated patterns, cyclic changes of endometrial arteries of the human endometrium are well documented, with which nerve fibers develop and regress in coordinated patters [29] : A gradual increase in arborization of coiling of spiral arteries during proliferation in ovulatory period and the spiral growths parallel the gradual increase in length and coiling of endometrial glands in post-ovulatory period [30] . Nerve fibers likely parallel the growth of arteries but do not grow as fast as arteries especially in functionalis due to a slower growth rate of nerve fiber, since growth of endometrial glands and arteries is faster by estrogen effects than relatively slower growing nerve fibers [13] . The biological significance of endometrial innervation may play important roles in pathophysiology through sensory nervous system for pelvic pain during menstruation and endometriosis as well as for infertility and spontaneous abortion [2] .
